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PACS 25.40.Dn – Elastic neutron scattering
PACS 75.25.-j – Spin arrangements in magnetically ordered materials (including neutron and
spin-polarized electron studies, synchrotron-source X-ray scattering, etc.)
PACS 74.70.Xa – Pnictides and chalcogenides
Abstract – Polarized neutron diffraction has been performed on a tetragonal Ba(Fe1−xCox)2As2,
x= 0.066 single crystal under an applied magnetic field of 6T directed along the [110] direction
to determine the magnetic structure factors of various Bragg reflections. The maximum entropy
reconstruction based on bulk magnetization measurements and polarized neutron diffraction data
reveal a small induced magnetic moment residing on the 4dWyckoff site that is occupied by Fe/Co
atoms. No significant magnetization density has been found on the Ba and As atomic positions.
The small polarizability of Fe/Co sites leads to flipping ratios very close to 1.00. Our data suggest
a non-zero orbital contribution to the Fe/Co magnetic form factor in good agreement with recent
theoretical and experimental studies.
open  access Copyright c© EPLA, 2011
Introduction. – Since the discovery of the so-
called 1111 oxypnictide [1] and 112 iron arsenide [2]
superconducting families of compounds, an extensive
experimental effort has been devoted to determine
their basic physical properties and the relation-
ships between structure, magnetism, composition and
superconductivity (SC) [3,4]. Both classes of compounds
adopt a layered crystal structure consisting of Fe-As
layers separated by the either oxide blocks or alkaline-
earth (AE) atoms, respectively. The parent compounds
are metallic in contrast to cuprates. SC state can occur at
temperatures as high as Tc = 57.4K either upon electron
or hole doping or underpressure [5–8]. At least in the
case of CaFe2As2 it was demonstrated that uniaxial
pressure also leads to SC state (albeit with lower Tc) [9].
The doping and/or pressure suppress also a tetragonal
to orthorhombic distortion and antiferromagnetic (AF)
order. As the structural and AF order are suppressed,
SC emerges, although there are now several examples of
microscopic coexistence between these states [6,10–12].
(a)E-mail: prokes@helmholtz-berlin.de
Theoretical ab initio calculations studies have revealed
a strong hybridization between electronic states residing
at Fe and As sites [13–15]. Indeed, it has been argued
that Fe-As electron states play a significant role in the SC
properties of iron arsenides. However, extensive studies
of the phonon spectra suggest that, unlike the cuprates,
electron-phonon interactions are not responsible for SC
in iron pnictides. Recent inelastic neutron scattering
experiment on optimally doped 122 compounds revealed
an existence of a resonant spin excitation [16,17], which
seems to be a unifying feature for iron pnictides despite
different details in the crystal and magnetic structure [18].
Since neutron experiments show that the AF order is of a
spin-density wave type of Fe moments and the SC appears
just at the verge of the long-range AF order, it is natural
to assume that spin fluctuations are involved in the
formation of SC. Furthermore, the potential involvement
of orbital components and their modifications at TN as
suggested by angle-resolved photoemission spectroscopy
(ARPES) [19,20] is highly debated. Several studies have
tried to identify whether orbital order plays any signif-
icant role in the magnetism or SC of these compounds.
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However, the number of such experiments is still rather
limited, due to experimental difficulties connected with
very small magnetic susceptibility, existence of the
orthorhombic distortion below the TTO, AF order below
TN and Meissner effect below Tc that obscures the data
significantly. For all of the reasons discussed above, it
is important to characterize and understand the micro-
scopic details of magnetism in the oxypnictide parent
compounds and superconductors.
In order to determine which electronic states giving
rise to spin fluctuations in the paramagnetic state and
whether orbital part is involved, an attempt to determine
the density map in magnetic fields have been performed.
The polarized neutron diffraction (PND) technique is an
extremely powerful tool as it gives direct information on
the distribution of the magnetization in the unit cell and
allows for the identification of the spin and orbital parts
of the magnetic moments [21]. To tackle this problem,
a Ba(Fe1−xCox)2As2, x= 0.066 single crystal of good
quality, that does not exhibit the structural distortion
down to the lowest temperatures and is superconducting
below Tc = 24K has been selected.
Experimental. – A single crystal with a mass of 88mg
used in the present study was grown from Fe-As self-flux
using conventional high-temperature solution growth [22].
It has been checked for its crystallinity by the X-ray
Laue back scattering technique and the composition was
measured at several different positions using wavelength
dispersive spectroscopy (WDS). The combined statistical
and systematic error on the Co composition is not greater
than 5%. DC magnetic susceptibility and magnetization
curves were measured on the same sample used for
the PND experiment using the SQUID magnetometer
(Quantum Design) in fields up to 6T applied along the
[110] direction.
In a neutron diffraction experiment on a para-
magnet with field-induced magnetic moments one
typically determines the magnetic structure factor
FM (Q)∝
∑
j µj⊥fj(Q)e
iQ·rj , where µj⊥ is the compo-
nent of the j -th magnetic moment perpendicular to the
scattering vector Q and fj(Q) is the magnetic form factor
of the j-th ion at position rj in the unit cell [23]. Using
unpolarized neutrons one records an intensity propor-
tional to the sum of |FM (Q)|2 and the nuclear structure
factor squared |FN (Q)|2 ∝ |
∑
j bje
iQ·rj |2. However, when
the magnetic moment is small, as in the present case,
|FM (Q)|2 is too small as compared to |FN (Q)|2 and
cannot be determined precisely. One way to improve
the sensitivity is the use of polarized neutrons [21]. In
the PND experiment one then measures the intensities
I±(Q)∝ |FN (Q) ± FM (Q)|2, where the + and − sign
refer to up and down polarization directions of the
incoming neutron beam. In practise one collects flipping
ratios R(Q) = I+(Q)/I−(Q) at many Bragg reflections.
The PND experiment was carried out at the 5c1 and
6t2 diffractometers [24] installed at the ORPHE`E 14MW
Fig. 1: (Color online) Temperature dependence of the molar
magnetic susceptibility of Ba(Fe1−xCox)2As2, x= 0.066 single
crystal measured on a zero-field–cooled sample in a field of 1T
applied along the [1¯10] direction. In the inset the magnetization
loops measured on a zero-field–cooled sample at 5, 15 and 25K
are shown.
reactor of the Le`on Brillouin Laboratory, CEA/CNRS
Saclay with the neutron beam polarized to 91% and 97%,
respectively. The single crystal was attached to the cold
finger of the cryomagnet with the [110] axis vertical, along
the applied magnetic field of 6T. At the 5c1 instrument,
two data sets R(Q) were collected with the incident
wavelength λ of 0.8495 A˚ at 2K and 25K. Each data set
consisted of 25 inequivalent reflections sin θ/λ < 0.65. At
6t2 only one, set of data at 25K was collected with an
incident wavelength of λ= 1.40 A˚.
For an accurate interpretation of the PND data the crys-
tal structure has to be well known. This is usually deter-
mined using conventional unpolarized neutron diffraction
experiment leading to a precise knowledge of FN (Q).
To refine the As atomic position, the only free positional
parameter in the structure, and other structure para-
meters that include the distribution of Fe/Co atoms and
extinction parameter for our crystal, integrated intensi-
ties of nuclear reflections were collected on the E2 and
E4 diffractometers installed at Helmholtz Zentrum Berlin.
The incident wavelength used at both instruments was
2.44 A˚. In this case the crystal was mounted inside an
orange cryostat in two different orientations: with its
c-axis along and perpendicular to the rotational axis. In
the course of refinement we have restricted ourselves to
the use of isotropic temperature factors. The extinction
correction was found to be negligible. The refined posi-
tional parameter z for As of 0.3541(3) is very similar to
the literature value [25]. The occupation of Co/Fe was
found to be statistical with stoichiometry identical within
the error bars to the nominal 6.6%.
Results. – In fig. 1 the temperature dependence of
the DC magnetic susceptibility of Ba(Fe1−xCox)2As2,
x= 0.066 is shown. Clearly, the SC appears below Tc =
24K. In the inset of fig. 1 we show the field dependence
of the magnetization measured at 5, 15 and 25K after
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Fig. 2: (Color online) Experimental magnetic form factor of
Ba(Fe1−xCox)2As2, x= 0.066 determined in a field of 6T
applied along the [110] direction at 25 K (points). The solid
line shows the 〈j0〉 part of the theoretical magnetic form
factor calculated for statistically distributed Fe2+/Co2+ in a
ratio corresponding to the stoichiometry of Ba(Fe1−xCox)2As2,
x= 0.066 normalized to the bulk magnetization. The dashed
line represents the 〈j2〉 part and the dot-dashed line the sum
of both.
zero-field cooling. The magnetization measured above
the superconducting phase transition at 25K that is
needed to extract the magnetic moment per Fe/Co site
consists of two contributions. Apart from the field-induced
paramagnetic part originating from states near the Fermi
energy, there is a diamagnetic component that is present
in all materials. In the majority of cases, the latter
can be neglected as it is usually much smaller than the
former contribution. However, in our case it needs to be
taken into account. It appeared that after accounting for
the diamagnetic contribution we can estimate the field-
induced magnetization at 25K and 6T to be ≈ 0.0050(4)
µB/f.u.
Since the magnetic susceptibility of Ba(Fe1−xCox)2As2,
x= 0.066 and the magnetic moment induced at 6T is
small, the measured flipping ratios are all close to 1.00. To
reduce the statistical error we collected data for several
hours each and repeated the measurement a few times.
The flipping ratios of equivalent reflections were averaged
and used in the determination of FM (Q)’s and further
analysis. The resulting 16 observations were analyzed by
two different methods: i) comparing the data with a model
expression for the Fe/Co magnetic form factor and ii) by
constructing magnetization density maps produced by the
maximum entropy technique (MAXENT) [26].
The experimentally determined magnetic form factor
calculated from the observed R(Q)’s by assuming a
magnetic moment on the Fe/Co positions only and
normalized to the magnetic moment determined from the
magnetic bulk measurement, is shown in fig. 2. The spin
(〈j0〉) and orbital (〈ji〉, i= 2, 4, . . .) contributions to the
magnetic form factor for various atoms was tabulated by
Freeman and Watson [27]. For our work we have utilized
the weighted average of Fe2+ and Co2+ magnetic form
factors. At low sin θ/λ, we obtained, within given error
bars, a satisfactory description of the data by assuming
only a spin contribution, i.e. limiting ourselves to 〈j0〉 and
normalizing at Q= 0 to a value obtained from the magne-
tization measurements. The only exception is the (002)
reflection that is clearly below the magnetic form factor
curve. A possible explanation would be, for instance,
slightly overestimated magnetic moment per Fe/Co site
from magnetic bulk measurements. Although at higher
θ/λ value, some deviations become apparent, signaling
some asphericity of the magnetization distribution and
the need to also include an orbital contribution, we were
not able to determine the relative contributions from
different orbitals precisely. Nevertheless, we include in
fig. 2 the magnetic form factor calculated for the statisti-
cal distribution of Fe2+/Co2+ in the form 〈j0〉+1.0 ∗ 〈j2〉
that gives a reasonable agreement in the whole θ/λ range.
One should, however, note that if one treats the magnetic
moment per Fe/Co site as a free parameter leading
to 0.0044(2) µB/f.u. as compared to 0.0050(4) µB/f.u.
determined from SQUID magnetometer, one arrives to
expression 〈j0〉+2.1 ∗ 〈j2〉 and a better agreement with
experimental data (including the (002) reflection).
Application of MAXENT gives the most probable
magnetization distribution map compatible with the
measured structure factors and their experimental uncer-
tainties. Compared to the usual Fourier synthesis it does
not require any a priori assumptions concerning the
unmeasured Fourier components, which reduces both
noise and truncation effects. At the same time no detailed
atomic model is needed for the refinement. The basic
input required by the computer code MEND [28] used
in the data treatment is the space group, the lattice
constants and the flipping ratio’s together with the
corresponding measured nuclear structure factors. The
unit cell of Ba(Fe1−xCox)2As2, x= 0.066 was divided into
52× 52× 52 = 140 608 cells, in which the magnetization
was assumed to be constant. The reconstruction was
started from a flat magnetization distribution with a total
moment in the unit cell equal to the bulk magnetization.
The result of the reconstruction as compared to the
crystal structure of Ba(Fe1−xCox)2As2, x= 0.066 is
shown in fig. 3. In fig. 3(a) the projection of the density
maps and the crystal structure along the tetragonal
axis are shown. A projection along the [110] direction is
shown in fig. 3(b). As can be seen, these maps exhibit
clear, positive density clouds around the Fe/Co positions,
whereas the density in the vicinity of the Ba/As positions
is quite small.
From fig. 3 it is apparent that the magnetization distri-
bution associated with the Fe/Co sites is not spherical.
Interestingly, its shape is different with respect to distrib-
ution determined by Brown et al. [25] for BaFe2As2 that
showed extensions along the [111] directions. In our case,
the magnetization distribution is in the form of oblate
spheroid with the short axis along the c-axis. If projected
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Fig. 3: (Color online) Maximum entropy reconstruction of the
magnetization distribution in Ba(Fe1−xCox)2As2, x= 0.066 at
25K with the field applied along the [110] direction projected
along the tetragonal axis (a) and along the [110] direction
(b) together with relevant projections of the crystal structure.
Fe/Co atoms are in blue (small spheres), As in red (inter-
mediate spheres), Ba in yellow (large spheres). All projections
are drawn in scale.
along the tetragonal axis, one can detect positive magne-
tization density bridges along the [110]-type directions
connecting the Fe/Co sites.
As one lowers the temperature below the super-
conducting phase temperature, flipping ratios are getting
closer to 1.00 suggesting that the magnetic part is
even smaller than at 25K. This fact, leading to larger
error bars, prevented us from analyzing these data and
drawing any conclusions regarding the magnetism in
superconducting state.
Discussion. – To date we are aware of three attempts
to determine the magnetic form factor and magneti-
zation distribution in AEFe2As2, (AE=Ca, Sr, Ba)
iron arsenides, two dealing with SrFe2As2 [29,30] and
remaining for BaFe2As2 [25] in its tetragonal state. The
experimental results in the case of SrFe2As2 obtained
by both groups came to contradictory conclusions. One
of the studies suggested extended magnetization clouds
along the Fe-As bonds [30] while the other, supported
also by calculated magnetic form factors using the
first-principles electronic structure method [29], revealed
extended densities in the basal plane along the [100] and
[110] directions. Some recent studies of the iron arsenides
suggest that the orthorhombic structural distortion at
TTO is connected with an orbital ordering [31,32]. Due to
the anisotropy of the dxz and dyz orbitals in the xy plane,
a ferro-orbital ordering makes the orthorhombic structure
more energetically favorable, significantly re-populating
various orbitals [33]. Other work strongly indicates that
the driving mechanism arises from magnetic fluctuations
and magnetic order with any orbital ordering playing a
minor role [34]. All these findings make a comparison with
the first two studies impossible as they were performed in
magnetically ordered and orthorhombic-distorted states.
The latter study has been in principle performed under
similar conditions. However, even here the agreement
is limited. Common to all studies is the fact that the
magnetization density is associated with crystallographic
sites occupied by Fe or by Fe/Co atoms and, most
importantly, that it involves an orbital part. The density
in the antiferromagnetically ordered state is high, corre-
sponding to a rather large ordered Fe magnetic moments.
The density in the paramagnetic state of BaFe2As2
or Ba(Fe1−xCox)2As2, x= 0.066 is about three orders
of magnitude smaller. The study of Brown et al. [25]
suggests magnetization densities squeezed along the
tetragonal axis and extended along the [111] direction.
A detailed refinement revealed predominant occupation
of the xy-type singlet orbital. Our study suggests also
magnetization less extended in the c-axis direction but, in
contrary, an elongation mainly along the [110] direction.
The former scenario would be in agreement with recent
ARPES studies showing strongly orbital-dependent
modifications of the electronic structure across the
magnetostructural transitions [19]. However, it has to
be noted that the magnetization distribution probed
by PND arises from redistribution caused by electrons
states near the Fermi surface, i.e. by electron states that
might be different from those responsible for long-range
magnetic order that are usually well below the Fermi
energy.
Conclusions. – In conclusion, we have determined the
magnetic form factors in Ba(Fe1−xCox)2As2, x= 0.066
just above the transition to the superconducting state
by means of a PND experiment. The magnetic signal
induced by magnetic field of 6T applied along the
[110] direction is clearly connected with Fe/Co sites
and contains also orbital contributions. Density maps
obtained by means of maximum entropy reconstruction
are in Ba(Fe1−xCox)2As2, x= 0.066 at 25K different
than those reported earlier for BaFe2As2 at 200K and
for two studies using SrFe2As2 at low temperatures.
This is not surprising for both latter studies, which were
performed on AF ordered systems that were orthorhom-
bically distorted in contrast to the tetragonal compound
studied here. The remaining study on BaFe2As2 at
high temperature [25], which appeared upon performing
the study described here, revealed positive densities in
directions connecting Fe and As positions suggesting
the hybridization between these two atomic species. Our
results indicate the presence of a strong Fe-Fe interaction
within the basal plane. Along the tetragonal axis, much
weaker extension of the densities were found. Upon
entering the SC state, the signal gets even smaller making
any type of conclusion regarding the magnetism in the
superconducting state difficult.
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